Measurements of the annual production of the oligochaete Monopylephorus rubroniveus, microphytobenthos, pore-water ammonia, sediment composition, and water quality were made from January through ). The only significant difference in environmental characteristics between the two creeks was a greater incidence of hypoxia (dissolved oxygen Ͻ 28% air saturation) in Malind Creek than in Okatee Creek, 5% of all records observed versus 0.3%, respectively. The rates of production estimated for M. rubroniveus in these creeks were relatively high compared with similar macrobenthos in other environments. Furthermore, the pattern of production within and between creeks provides a basic understanding of energy and material flows out of these important ecosystems and the processes that influence them.
mating production for many species at multiple sampling locations. As a result, these studies offer only a snapshot of benthic community condition and provide little insight into the role of benthic organisms in ecosystem processes (Diaz and Schaffner 1990; Tumbiolo and Downing 1994) . When studies of secondary production have been conducted, investigators have traditionally either (1) directly measured the production of the community or a few specific taxa (e.g., Hynes and Coleman 1968; Thompson and Schaffner 2001) , which provides relatively precise estimates of production for a large investment of time and labor or (2) empirically calculated benthic production using biomass data, typically from one sampling event, with P : B ratios or novel mathematical equations that incorporate taxon-specific growth rates, and/or environmental parameters (e.g., Banse and Mosher 1980; Wilber and Clarke 1998) , which provides a much simpler, though less precise approach.
Salt marshes and tidal creeks are a prominent, highly productive feature of temperate coastal zones around the world (Mitsch and Gosselink 2000) , and numerous researchers have established the value of tidal creeks as nursery grounds for economically, ecologically, and recreationally important finfish and crustaceans (e.g., Wenner and Beatty 1993; Kneib 1997; Miller et al. 2003) . The dominant macrobenthic organisms that support those nekton in Southeastern tidal creeks are polychaetes and oligochaetes (West 1985; Lerberg et al. 2000; Gillett 2003 ). The numerically dominant macro- The creek is divided into two 750-m reaches, with a water-quality station located between the two reaches. Five intertidal sampling stations were selected monthly in each reach at a random distance from the beginning of the reach and on a random side of the creek.
benthic organism found in shallow South Carolina tidal creeks is the oligochaete Monopylephorus rubroniveus Levinsen 1884 (Tubificidae), accounting for between 10% and 90% of the total benthic macrofaunal abundance in headwater tidal creeks (Lerberg et al. 2000) . Oligochaetes, such as M. rubroniveus, are more nutritious (5.5 kcal g Ϫ1 dry weight) than most other macrobenthic infauna typically found in tidal creeks (Cummins and Wuycheck 1971) and are important consumers of benthic primary and bacterial production (Giere and Pfannkuche 1982) . In New England salt marshes, Sardá et al. (1996) found that between 18% and 50% of the total benthic production in tidal creeks was attributable to oligochaetes, even though their standing stock biomass was an order of magnitude less than the other macrobenthos. Sardá et al. (1996) attributed the greater production of oligochaetes to their greater abundance and turnover compared with the other macrobenthos.
Many studies have been conducted characterizing the macrobenthic community of tidal creeks and how they are important to the marsh/creek ecosystem (e.g., Lerberg et al. 2000; Posey et al. 2002; Holland et al. 2004 ). However, little work has been done to estimate the role of macrobenthos in the energy and material flows of tidal creeks. Given their dominance in the benthic community of tidal creeks, the authors chose to begin production studies with M. rubroniveus. The goals of this research were to obtain estimates of the secondary production of the numerically dominant macrobenthic organism, M. rubroniveus, for two creeks in South Carolina, using a direct estimation approach and to identify environmental factors that influenced production.
Materials and methods

Study area and sampling-Okatee Creek and Malind
Creek are located in the Okatee River Basin near Bluffton, South Carolina (Fig. 1) . These two creeks were selected as our study sites to correspond to the South Carolina Sea Grant's Land Use-Coastal Ecosystems Study. The watershed of Malind Creek (1,030 ha) was relatively undeveloped and predominantly forested (83% of land cover), with 5.6% impervious cover. The Okatee Creek watershed (2,576 ha) was recently developed for suburban use (27% of land cover) and had 8.0% impervious cover (Gillett 2003) . Each creek was stratified into two 750-m reaches ( . Approximately every 4 weeks, five sampling sites were randomly selected within each reach of the two creeks to evaluate the secondary production of M. rubroniveus, microphytobenthic standing stock, pore-water ammonia concentration, sediment composition, and sediment total organic carbon (TOC). Sample sites were located intertidally, approximately 1.5 m below mean high tide on a randomly selected side of the creek in order to minimize depth/duration of submersion bias within and among reaches.
Benthic chlorophyll a (Chl a) samples were taken to a depth of 1 cm with a 38.5-mm 2 plastic core and placed on ice. Within 6 h, the cores were placed in 10 ml of 100% acetone in the dark, at 4ЊC for 24 h, and agitated every 8 h. Samples were brought to room temperature, centrifuged for 2 min at 3,000 rpm, and the Chl a in the supernatant was measured with an ultraviolet-Vis spectrophotometer (Method 3.1 in Strickland and Parsons 1972) .
Samples of surface sediment (upper 2-3 cm) were collected at each site and analyzed to determine percentage water, percentage silts and clays (Ͻ63 m), and percentage sand (Ն63 m) using a modification of the pipette method (Plumb 1981) . Instead of measuring silts and clays as separate values, they were measured as a combined silt/clay fraction (Lerberg et al. 2000) . TOC content was measured for each sample by combustion of acidified and dried sediments in a CHN-S analyzer.
Two 11.9-cm 2 cores of sediment were collected from each site to a depth of 3 cm to determine pore-water ammonia levels. Samples were kept on ice and processed within 6 h of collection. Each sample was homogenized and centrifuged at 4,700 rpm. Ammonia concentrations were measured in the supernatant using the salicylate-cyanurate colorimetric method (Hach Company 1994) .
Oligochaetes were collected to a depth of 16 cm with a 45.6-cm 2 core. Each sample was sieved through a 500-m sieve and preserved in 10% seawater-buffered formalin containing rose bengal. All organisms were separated from the detrital matter under magnification (ϫ3) and the oligochaetes were counted and identified to the lowest possible taxonomic level. One of every 10 samples was randomly selected and reinspected by a South Carolina Department of Natural Resources benthic taxonomist. If greater than 10% of a taxon in a sample was either miscounted or misidentified, all 10 samples were reidentified and enumerated again for the disputed taxa.
Water quality was measured every 30 min at a site between the upper and lower reaches of Malind and Okatee creeks from January 2001 to January 2002 (Fig. 2) . Measurements were made 10 cm above the bottom of the creek channel. Monitoring units were calibrated before deployment and measured temperature, salinity, pH, dissolved oxygen (mg L Ϫ1 and percentage air saturation), and depth. Postdeployment quality-assurance criteria used to assess the reliability of the water-quality data were dissolved oxygen within Ϯ10% of air saturation, pH within Ϯ0.2% of 7.0 and 10.0 standards, and salinity within Ϯ0.5 of a 19.6 KCl standard. Units were deployed for approximately 1 week during warm periods and approximately 2 weeks during cool periods. Water-quality measurements from a midway point in the creeks has been shown to be representative of the water quality at many points along the length of the creek due to the relatively small water volume and ebb-and flood-tide flushing patterns (Holland unpubl.) Biomass estimation-One hundred and six cultured M. rubroniveus were preserved in 10% seawater-buffered formalin and stored in 70% isopropyl alcohol. Total length; length to the 9th, 10th, and 11th segments; and width of the 9th, 10th, and 11th segments were measured from digital images using a dissecting microscope and Opitmas imaging software. The reproductive organs of M. rubroniveus are located in segments 10 and 11, and along with segment 9, are frequently the widest segments of the oligochaete (Baker and Brinkhurst 1981, pers. comm.) . Variation in the length and width of segments 9-11 should account for differences in biomass between reproductive and immature specimens that would not be addressed by length measurements alone. Additionally, undamaged specimens were rarely collected from the field and it was useful to have an estimation process that would work with incomplete specimens.
After the length and width measurements were taken, the worms were patted dry and weighed (preserved WW). Specimens were then dried at 60ЊC for 24 h, stored in a desiccator, and weighed (dry weight). Because of their small size (Ͻ0.1 mg dry weight per individual), worms were pooled into groups of 2-12 worms and combusted at 450ЊC for 4 h to estimate ash-free dry weight (AFDW). Weights were determined with a Cahn C-33 microbalance (Ϯ1 ϫ 10 Ϫ2 mg).
Stepwise linear regression (SAS for Windows v 8.1) was used to identify the morphometric measurement(s) that provided the best estimate of preserved wet weight (WW) and dry weight (DW; Freund and Littell 1991) . In separate calculations, the relationships between WW, DW, and AFDW were evaluated using a simple linear regression ).
Calculation of production-Production estimates were made using a biomass frequency method for continually recruiting benthic organisms that makes the following assumptions: (1) only one taxon is evaluated; (2) regardless of the timing of recruitment, all individuals of similar size grow at approximately the same rate; (3) all individuals have the potential to grow to the maximum size observed; (4) the rate of mortality is the same for all individuals; and (5) sampling frequency is shorter than one generation time. The greater the departure from these assumptions, the greater the uncertainty introduced into the estimates. At high levels of uncertainty, the ability to distinguish fine-scale production differences in space and time will be reduced (Morin et al. 1987) .
The detailed calculation of production is as follows. The organisms were collected from the time periods of interest (at least two sampling events) and sorted into predetermined biomass classes. The difference in mean biomass between two successive size classes was multiplied by the abundance of the smaller size class of the two. This calculation was repeated for all size classes and the products were summed. To this sum, the product of the mean biomass of the last size class and the abundance of the last size class were added. This process can be expressed as in Eq. 1:
where P is production in units of biomass area Ϫ1 time Ϫ1 , B is mean biomass of size class x, A is abundance of worms in size class x, and i is the number of size classes.
Field-collected M. rubroniveus from January through December 2001 were sorted into groups by creek and reach (i.e., Malind upper, Malind lower, Okatee upper, and Okatee lower) for each month. Digital images were taken of up to 100 randomly selected worms that were intact to at least segment 10 from each group and the biomass was estimated using the defined allometric relationships. The biomass data for each creek and reach were then classified into 10 biomass classes. The abundance of each creek-reach group was adjusted to account for the total number of M. rubroniveus collected in relation to the number that were measured. This adjusted value was then multiplied by an area constant to estimate the total number per square meter. The abundance and biomass values were used to estimate secondary production from January to December 2001 with Eq. 1.
Statistical analyses-A three-way analysis of variance (ANOVA) was used to evaluate differences among season, creek, and reach using SAS for Windows v.8.1 (Littell et , and probability of significance, the F-statistic, and degrees of freedom (model, error), the probability of significance of each treatment variable, significant interaction terms, and least square means contrasts. The least square means variables are in order from largest to smallest and an underline implies the treatments were not significantly different at ␣ ϭ 0.05. S, season; C, creek; R, reach; Sp, spring; Su, summer; Au, autumn; Wi, winter; Up, upper; Low, lower; ML, Malind Creek; OC, Okatee Creek. Data were transformed as noted to obtain normality and homogeneity of the variance of model residuals. The residuals of the biomass ANOVA could not be corrected for deviation from normality and skewed variance despite using a variety of different transformations (log 10, square root, etc.). Therefore, the three-way ANOVA was performed on nontransformed data as ANOVA is robust for departures from normality (Zar 1998) , all treatments were highly significant (p Ͻ 0.0001), and the authors desired to maintain a three-way comparison. All significant (␣ ϭ 0.05) treatments and interaction terms were evaluated using a contrast of least square means. Least square means were considered significantly different at ␣ ϭ 0.05.
Correlation analysis (using Pearson's coefficients) was used to evaluate associations between M. rubroniveus abundance and the environmental parameters (i.e., Chl a, porewater ammonia, and percentage silts and clays) measured at each site. The goal of these analyses was to determine if the abundance of M. rubroniveus, as a surrogate for production, was associated with environmental conditions. Similar analyses could not be accomplished using production estimates because they were calculated at the scale of a reach.
Results
Environmental characteristics-No significant differences in the Chl a concentration, percentage TOC in sediments, percentage silts and clays, and pore-water ammonia concentration were found between Okatee and Malind creeks (Table  1) . Benthic Chl a concentrations were higher (p Ͻ 0.0001) in the winter than in the spring and autumn. The autumn and summer benthic Chl a concentrations were not significantly different from each other (Fig. 3A) . The upper reaches of both creeks had significantly higher Chl a concentrations than the lower reaches (p Ͻ 0.0001). The reach-creek interaction term was significant (p ϭ 0.0028). Chl a concentrations in the upper reach of Malind Creek were similar to the upper reach of Okatee Creek and lower reach of Malind Creek, all of which were higher than the benthic Chl a in the lower reach of Okatee Creek.
There were no significant differences in percentage TOC between creek, reach, or season (Fig. 3B ). There was, however, a significant difference in percentage silts and clays between reaches (p ϭ 0.0029). Sediments from the lower reaches of both creeks contained more silts and clays than those from the upper reaches (Fig. 3C ). There were no differences in sediment composition between creeks or among seasons. Pore-water ammonia concentrations were significantly higher (p Ͻ 0.0001) in the summer than in the autumn and the spring (Fig. 3D) . The lowest pore-water ammonia concentrations occurred in the winter. The upper reaches of both creeks had significantly higher (p Ͻ 0.0001) pore-water ammonia concentrations than the lower reaches. The creekreach interaction term was significant for pore-water ammonia concentration (p ϭ 0.0011). This occurred because the upper reaches of Okatee and Malind creeks had similar ammonia concentrations, but the lower reach of Okatee Creek had higher levels than those of Malind Creek.
Salinity, dissolved oxygen, pH, and temperature records were very dynamic (Fig. 4) . In Malind Creek, ranges were 0-38 for salinity, 0-192% saturation for DO, 4.6-8.6 for pH, and 0-35ЊC for water temperature. The ranges in Okatee Creek were 0-38 for salinity, 0-173% saturation for DO, 5.6-8.6 for pH, and Ϫ3-35ЊC for water temperature. A two- (Table 2) .
Production estimates-Monopylephorus rubroniveus accounted for 74% of the oligochaete abundance in Malind and Okatee creeks. The highest abundance occurred in the upper reach of Okatee Creek in February (47,633 individuals m Ϫ2 ) and the lowest occurred in the lower reach of Malind Creek in May, when no specimens were collected (Fig.  5A,B) . Monopylephorus rubroniveus collected from Okatee Creek had more biomass than those collected from Malind Creek (p Ͻ 0.0001). The mean biomass per worm and abundance of M. rubroniveus were greatest in winter, followed by autumn, spring, and summer (p Ͻ 0.0001), indicating that substantial recruitment and population growth occurred during the winter months (Table 1) . Worms collected from the upper reaches of both creeks were larger than those collected from the lower reaches (p Ͻ 0.0001). However, the season with creek and season with reach interactions of the threeway ANOVA for biomass were both significant ( Table 1) . The biomass of an individual worm was greater in Okatee Creek during the winter and spring but was similar in both creeks during the summer and autumn. Furthermore, there was no difference in biomass between the upper and lower reaches of the creeks during the summer, whereas during the remainder of the year, biomass of worms from the upper reaches was higher (Fig. 6) 
Based on stepwise linear regression of morphometric measurements and biomass, ln length to the 10th segment and ln width of the 10th segment had the smallest error mean square (Mallow's C(P)) and, therefore, were the best predictors of ln DW. To determine if the growth rate and size of the cultured M. rubroniveus were different from field-collected worms, the regression created from cultured worms was compared with a similar regression developed from 100 randomly selected field-collected worms. The slopes of the lines for the two data sets were different (F 3,177 ϭ 3.88; p Ͻ 0.025). Size-frequency histograms (Fig. 7A,B) indicated that the cultured worms contained a higher proportion of small worms than the field-collected specimens. In order to incorporate the complete size range of M. rubroniveus widths and lengths into the production calculations, the culture and Table 2 . Summary of the two-way ANOVAs of low salinity and low dissolved oxygen, with the parameter evaluated, the number of samples, the model r 2 , probability of significance, the F-statistic, and degrees of freedom (model, error), the probability of significance of each treatment variable, significant interaction terms, and least square means contrasts. The least square means variables are in order from largest to smallest and an underline implies the treatments were not significantly different at ␣ ϭ 0.05. S, season; C, creek; R, reach; Sp, spring; Su, summer; Au, autumn; Wi, winter; ML, Malind Creek; OC, Okatee Creek. 
where W 10 ϭ width at the 10th segment and L 10 ϭ length to the 10th segment. Figure 8A depicts a cumulative size-frequency histogram of M. rubroniveus collected January-December 2001 in the upper reach of Okatee Creek. In cumulative frequency distributions representing multiple cohorts and age classes, the frequency of smaller (younger) specimens would be expected to exceed the frequency of larger (older) organisms. Underrepresentation of smaller size/age classes, such as depicted in Fig. 8A and in the histograms of the other reaches, generally occurs because the smaller organisms were undersampled.
Two corrections were made to the size-frequency data to address the apparent sampling bias that resulted in underrepresentation of the smallest size classes. In the first correction, the number of M. rubroniveus from the undersampled size classes was set equal to the number of worms found in the smallest size class the authors believed to be accurately sampled (Fig. 8B ). This approach included only the minimum number of smaller worms in the estimations and probably still underestimated the actual abundance of worms in the creeks. For the second correction, a curve that best described the changes in abundance across the accurately sampled size classes was defined and used to extrapolate the abundance of the underrepresented size classes (Fig. 8C,D) .
Abundance data from similar benthic samples processed with a nested series of sieves (500, 250, and 180 m) indicated that using only a 500-m sieve likely underrepresented the abundance of M. rubroniveus, missing between 24% and 78% of the individuals present in a sample (Gillett 2003). The authors feel that these data indicate that the second correction method was closer to matching the natural pattern. However, both adjustments were used to estimate secondary production and provide a range of production estimates that likely bracketed the true value (Table 3) .
Production was also calculated with the second abundance correction data and the Hynes method in order to compare our method to a similar commonly used and accepted method (Menzie 1980) . The Hynes method production estimates were similar to the data in Production to biomass ratios (P : B or turnover ratios) were calculated using the production estimates and the mean monthly biomass (the sum of 12 months of biomass data, divided by 12), the maximum monthly biomass (the month with the highest biomass in the year), the January biomass, and the June biomass (typical sampling periods for benthic programs); P : B mean , P : B max , P : B Jan , and P : B Jun , respectively (Table 3 ). The upper reaches of Okatee Creek had the highest and lowest P : B mean ratios (3.8-10.9), depending on the calculation method that was used. P : B ratios calculated using the maximum monthly biomass are the least likely to overestimate the actual turnover rate (Banse and Mosher 1980) and were similar for all creeks and reaches. P : B Jan ratios were similar to, but slightly lower than, the P : B mean values. The P : B Jun values were high and likely overestimated the turnover rate because of the extremely low standing stock values (both biomass and abundance) found in the summer.
Discussion
Why measure production?The study of macrobenthic communities has progressed over the last half century from an initial focus on defining the species that were present in different habitats, characterizing their feeding and reproductive behavior, and estimating their growth rates to an evaluation of the role of macrobenthic populations and communities in ecosystem processes (e.g., Sanders 1958; Gerritsen et al. 1994) . The development of species lists and life-history information was generally followed by surveys that estimated spatial and temporal distribution, abundance, and biomass in relation to environmental conditions. While this information evaluated relationships between macrobenthic communities and environmental conditions, it was descriptive and only partially addressed how the responses of macrobenthic organisms to changes in environmental conditions affected ecosystem processes. Production represents the cumulative response of a population to food availability, emigration and immigration, predation, reproductive success, physiological stress, and a variety of other natural and anthropogenic factors through time into one number (Crisp 1984) . Production studies provide important information about the rate and magnitude of energy and material fluxes into and out of the benthic community in response to environmental changes, such as organic enrichment or chemical contamination that cannot be determined by point-in-time abundance and biomass measurements (e.g., Martinet et al. 1993; Sardá et al. 1996; Shieh et al. 2002) . These types of data are essential in understanding and modeling ecosystemlevel issues, such as determining energy supply and demand for higher trophic levels (e.g., Gerritsen et al. 1994; Wilbur and Clarke 1998) or how disturbance alters trophic structure and transfer efficiency (e.g., Shieh et al. 2002) . When possible, secondary production estimates should be incorporated into benthic monitoring and assessment studies because of the integrative insight they provide into the role of benthic organisms in ecosystem processes beyond comparatively less useful static, standing stock assessments. Directly measuring only the dominant fauna or empirically estimating production of the entire benthic community are possible approaches to mitigating the increased costs associated with production measurements.
Validity and application of the method-The estimation of M. rubroniveus production from changes in mean biomass throughout the year using methods developed in this article produced results similar to the Hynes method (difference only 4% to 15%). The Hynes method (Hynes and Coleman 1968; Menzie 1980) has been a frequently used approach to directly estimate secondary production of benthic fauna (e.g., Lafont 1987; Sardá et al. 1996) . Computer simulations of how size-frequency methods (e.g., the Hynes method and the one used in this article) estimate production over a range of life histories, and sampling programs indicate that these methods typically underestimate production between 10% and 50%, but are most accurate, and are superior to other methodologies when studying asynchronously reproducing organisms, like M. rubroniveus (Morin et al. 1987) .
The data used to estimate the production of M. rubroniveus satisfied all of the assumptions of the method presented above, with the exception of constant growth rate throughout the sampling period (assumption 2). Through the year, mean water temperatures varied by ϳ20ЊC. Given the temperature variation, some variation in M. rubroniveus growth rates would be expected. Unfortunately, virtually nothing is known about the physiology of M. rubroniveus and no correction could be made to the production estimates. Despite this, the temperature patterns were similar between the creeks (Fig. 4A) and to those typically seen in temperate latitudes. Therefore, the authors believe that the temperature variation may have affected the accuracy of the production estimates but not their precision in comparison with other estimates made with similar methodologies.
The estimation method described here is mathematically simple and the only data required are changes in biomass and abundance over time. This method is most effective when organisms can be separated and measured by species. However, different species with similar body dimensions could be measured together, though an unknown bias would be introduced. Caution should be taken, though, not to lump different species of similar size but different life history characteristics (e.g., treating all oligochaetes as one taxon). Sampling should occur at least once per generation time and over multiple generations to incorporate variability that occurs from generation-to-generation. Also, the duration of a sampling program should be at least 1 yr in temperate zones to incorporate seasonal variations.
Spatial differences in production-Spatial differences in secondary production should provide insight into processes that affect macrobenthic organisms. In this study, the spatial patterns of M. rubroniveus production provided an indication of differing processes within and possibly between tidal creeks. As only two creeks were sampled, we were unable to definitively link watershed differences to secondary production. However, previous studies of tidal creeks similar to Okatee and Malind creeks throughout South Carolina have demonstrated that there are significant differences in the chemical and physical gradients along the length of a creek and between creeks with different watershed types. These differences, including water quality, nutrient inputs, chemical contamination, microphytobenthic abundance, and sediment composition, have been shown to affect the abundance of M. rubroniveus (Lerberg et al. 2000 ; Van Dolah et al. 9-5.4 This study This study Sardá et al. (1996 ) Sardá et al. (1996 Lafont ( Walker and Tenore (1984) 2000; Holland et al. 2004 ) and therefore the authors speculate that they should also affect production.
Though not statistically testable, the authors believe that the magnitude of the difference in M. rubroniveus production between creeks (ϳ5-10 times greater in Okatee Creek than in Malind Creek) in addition to the significant differences in abundance and biomass data between the creeks demonstrated that the production rates measured were indeed reflective of environmental differences between the two creeks. Of all the environmental parameters measured, only the frequency of hypoxia displayed a statistically significant difference between Malind and Okatee creeks in a similar pattern to that of M. rubroniveus production. Despite having a predominantly forested watershed, Malind Creek experienced hypoxia more frequently than did Okatee Creek, including some hypoxic events even in the winter (Gillett 2003) . The hypoxia in Malind Creek was likely related to the flushing rate of the creek, which was half of that in Okatee Creek (Chen unpubl. data) . Repeated exposure to hypoxic conditions could be partially responsible for the lower productivity in Malind Creek despite the fact that M. rubroniveus is tolerant to hypoxic stress (Sanger unpubl. data). Short-term hypoxic events may cause nonlethal, physiological damage to M. rubroniveus, resulting in energy being spent on repair instead of somatic and reproductive growth.
There was an order of magnitude difference in the production of M. rubroniveus between the upper and lower reaches of both Malind and Okatee creeks. Benthic Chl a and pore-water ammonia in the sediments of the creeks followed a similar pattern, with greater concentrations in the upper reaches and lesser in the lower reaches. These parameters represent a rough approximation of the potential food sources to M. rubroniveus and other deposit feeders (i.e., microphytobenthos and sediment microbes, respectively). The large amounts of microphytobenthic and microbial activity in the upper reaches were probably the product of nutrient-rich groundwater and surface-water runoff in the upper reaches compared with the lower reaches (Joye pers. comm.; McKellar pers. comm.). Personal observations that M. rubroniveus has been found to aggregate under benthic diatom mats and the positive correlation between Chl a concentration and the abundance of M. rubroniveus indicates that the production of M. rubroniveus was, in part, related to the greater abundance of microphytobenthos. Additionally, previous studies have found that the abundance and production of deposit-feeding macrobenthos are frequently related to abundance of microphytobenthos (Miller et al. 1996; Sandulli and Pinckney 1999) .
The microbes in the sediments of the upper reaches should have also supported M. rubroniveus; however, no relationship was observed between M. rubroniveus abundance and pore-water ammonia concentrations. The lack of a detectable relationship was the product of the times of highest porewater ammonia concentrations (i.e., summer and autumn) corresponding with the times of lowest M. rubroniveus abundance, probably due to intense predation by shrimp and juvenile fish. Therefore, the authors suggest that production differences between reaches were partially a product of increased food availability (especially microphytobenthos) but were likely also influenced by predation and other environmental factors that were not measured.
Monopylephorus rubroniveus production compared with other benthos-The production estimates of M. rubroniveus ranged from 0.05 to 10.45 g AFDW m Ϫ2 yr
Ϫ1
. Values from the lower reaches were smaller than reported values for freshwater and estuarine oligochaetes, but production in the upper reaches was equal to or greater than most published values for oligochaetes ( (Sardá et al. 1996) were similar to the middle and lower levels of production we observed. Production estimated for freshwater tubificid oligochaetes in a temperate lake in .7 g WW m Ϫ2 yr Ϫ1 or ϳ 3.7-4.2 g AFDW m Ϫ2 yr Ϫ1 ) was also similar (Lafont 1987) . Production of freshwater tubificid oligochaetes in a highly enriched, back channel of the upper Rhone River, g WW m Ϫ2 yr Ϫ1 or ϳ13.3-36.1 g AFDW m Ϫ2 yr Ϫ1 ) was much higher (Martinet et al. 1993 ). The P : B ratios for many of the tubificid oligochaetes in Table 4 are similar and this indicates that most of the oligochaetes are capable of similar rates of production. However, the differences in annual production between the different ecosystems illustrates how relatively similar organisms can have very different annual rates of production as a result of the varying environmental characteristics inherent to each system. Annual production of M. rubroniveus was generally less than or equal to that of larger, longer-lived macrobenthic organisms. In the lower Chesapeake Bay, the polychaete Chaetopterus cf. variopedatus was estimated to produce 18.0-34.0 g AFDW m Ϫ2 yr Ϫ1 (Thompson and Schaffner 2001) . Production of the hard clam Mercenaria mercenaria was estimated to range from 2.7 to 7.7 g AFDW m Ϫ2 yr
in Wassaw Sound, Georgia (Walker and Tenore 1984) . The P : B of these organisms are lower than those of M. rubroniveus (Table 4) because of the size and life history differences (Tumbiolo and Downing 1994) . In contrast, the production of M. rubroniveus is greater than or equal to that of the harpacticoid copepod Canuella perplexa (6.78 g DW m
Ϫ2
yr Ϫ1 ) from the Po River Delta, Italy (Ceccherelli and Mistri 1991) . The copepod's P : B ratio is, however, larger than the ratios calculated for M. rubroniveus. The differences in production and P : B of copepods in relation to M. rubroniveus are a function of the size and biology of meiobenthos compared with macrobenthos.
The results of this study indicate that the estuarine oligochaete M. rubroniveus, compared with similar macrobenthos, is capable of relatively large production rates in the tidal creeks of South Carolina. This observation is in accordance with the theory that salt marshes and tidal creeks are some of the most productive ecosystems around the world, which provide an abundant food source for a variety of estuarine nekton. The authors believe that M. rubroniveus is an important conduit for the transfer of energy from primary production in tidal creeks to nektonic predators and ultimately to the coastal ocean because of its numerical dominance, relatively high production rate, and ability to maintain that production despite intense predation pressure.
In a larger context, these data reinforce the ideas of Crisp (1984) , Diaz and Schaffner (1990) , Martinet et al. (1993) , etc., that production estimates, by quantifying energy and material flows into and out of a system, provide a basis for understanding how changing environmental conditions affect the function of an ecosystem. The spatial differences in the production of M. rubroniveus are indicative of the differences in the environments of the two sample creeks and can provide insight into watershed-scale differences between the two systems. The patterns observed in Malind and Okatee creeks indicate that production of M. rubroniveus may be altered by environmental changes between reaches (e.g., microphytobenthic abundance) or watersheds (e.g., occurrence of hypoxia). Further studies measuring these types of parameters, e.g., nutrient input, chemical contamination, etc., as well as emigration/immigration and predation pressure on macrobenthos will create an even better understanding of what the patterns of secondary production in an ecosystem mean. The authors believe that the patterns observed between and within the creeks in this study can be further validated by using the P : B mean values from this study to estimate secondary production of M. rubroniveus in tidal creeks with different watershed characteristics throughout the southeast United States. Doing so will provide a more complete understanding of energy and material flows, the processes that influence them, and how alteration of tidal creek environments are affecting the function of these important ecosystems.
